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A TUNABLE LASER LITE FILTER POLYQ lf?Of VVTOR FOR GAS TEMPERATURE 
FEASUREWTTS USIfJG USER RAMAN SCATTERING 

by Jack J. Grossman and M. Muramoto 
McDonnell Douglas Astronautics Company-West 

Summary 

A proprietary laser line filter spectrograph (LLFS) has been modified to 
test for improved remote measurement of atmospheric temperature by Raman 
spectroscopy of the rotational bands of Nj and O^. Both grating scan measure- 
ments with fixed PMT and polychromator image plane PUT scans with fixed grating 

setting were made using llelle and Ar + lasers. The LLFS was found to have a laser 

12 

line rejection ratio of 2 x 10 at .6 nm from the laser line and provides resolved 
rotational Raman spectral display at the polychromator exit plane. Spectral 
resolution is adequate to measure and correct for background in the Stokes 
spectrum. It is anticipated that this system should allow measurement of gas 
or atmospheric temperature to ±1°C. 

Introduction 

Rotational Raman lidar is a technique having potential for the remote 
measurement of air/gas temperature (cf. References 1-5) . A major problem has 
been the achievement of desired sensitivity and accuracy due to aerosol fluor- 
escence and laser line interference with the rotational Raman lines, which lie 
close to the laser line. One objective of this program has been to determine 
the ability of a modified MDAC laser line filter spectrograph (LLFS) system 
(Reference 6) to reject laser line intensities so that the multiline information 
contained in a complete rotational spectrum of air can be time resolved in paral- 
lel. Another objective has been to determine whether the LLFS system coupled 
with suitable input optics can improve remote air temperature measurement 
accuracy by directly measuring and subtracting the fluoroscence background from 
the Raman line intensities. 
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In order to accomplish these objectives the following approach was 
utilized: 

• Design, fabricate and test a modified laser filter mirror assembly 
for measuring the rotational Stokes and anti-Stokes Raman lines. Also, 
design, fabricate and test a polychromator plane scanning slit and photo- 
multiplier assembly. Design goals included an attenuation factor of 10 ^ 
for the laser line intensity within 20 wave numbers on either side of the 
laser line frequency. 

• Measure the rejection efficiency and overall system throughput 
for the laser line filter spectrograph. Included in this was detailed 
measurement of spectral line shapes at several mirror slit widths and exit 
slit aperture widths. 

• Recommend a specific instrumental configuration for field 
application of the system in the NASA-Lewis Research Center Raman Lidar 
Unit. 

The objectives have been successfully accomplished and a system has been 
defined which should remove the above-noted problems (fluoroscence and laser 
line interference). It is anticipated that this system should allow measurement 
of gas or atmospheric temperature to at least ±1°C. 


User Line Filter Spectrograph (LLPS) Description 

The MDAC laser line filter (LLF) is shown schematically in Figure 1. 
Briefly light entering the spectrometer slit is dispersed by the grating and an 
MDAC proprietary design mirror placed at the spectral image plane. The grating 
can be rotated so that the laser line either exits the mirror slit or is moved 
onto the mirror and reflected back. This can also be accomplished by keeping 
the grating fixed and translating the mirror along the image plane so that 
the laser line again either exits the slit or is reflected back. All rays, 
which are reflected back from the spectral plane, reform at the exit aperture. 
In other words the filter acts as a zero order double spectrograph. If the 
laser line is reflected back the laser line intensity at the exit aperture is 
called unity. If the laser line exits the filter mirror slit, the laser line 

_7 

intensity at the exit aperture should be about 10 of the reflected intensity. 

The prototype laser line filter system (Figure 2) was built by modifying 
a standard Jarrell-Ash 25-104 (Figure 3) 3/4 meter double monochromator. This 
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OPTICAL LAYOUT: LASER LINE FILTER 

SPECTROGRAPH 

L. entrance slit 
K. 45° mirror 

J. collimating mirror 
I. grating 
H. focussing mirror 
S. laser line filter mirror 
and filter slit 

S.H.I.J.G. return path of filtered 
light 

G. 45° mirror 
F. intermediate slit 
E. 45° mirror 

B. collimating mirror 

C. grating 

D. camera mirror 

M. 45° mi rr or 

N. polychromator output plane 
A. monochromator output slit 


FIGURE 2. LAYOUT OF LASER LINE FILTER SPECTROGRAPH (LLFS) 
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FIGURE 3. OPTICAL LAYOUT JARRELL-ASH 25-104 3/4 METER DOUBLE 
MONOCHROMATOR 
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included (Figure 2) : (a) Interchanging the entrance slit and intermediate 

aperture assembly, E, F, and G; (b) replacing the lower collimating mirror H 
with a larger mirror to make both the lower and upper mirror systems; (c) 
placing the MDAC filter mirror (LLFM) so that the slit in the mirror(s) is 
directly under the slit A; (d) replacing the diagonal mirror for the slit K 
with a half mirror (see Figure 1); and (e) reversing all slits so that the 
light travels from L to F to A for a single spectral line or from L to F to the 
refelcting mirror 11 forming the complete spectrum in polychromator housing N. 
Direct calibration of the spectrograph filter attenuation at the exit slit 
or at the polychromator image plane was accomplished using variable slit 
widths and the wide dynamic range of the photomultiplier tube to calibrate the 
total system throughput. Indirect calibration was accomplished also by using 
filters of known attenuation. 

Two noise sources which limit rotational Raman temperature measurement 
accuracy in the LLFS are the natural laser line wing shape produced by im- 
perfect diffraction interference from a grating with finite dimensions, and 
light scattered randomly into the spectrograph through the intermediate slit. 
The diffracted line shape produced by a perfect grating and a laser line (A) 
with bandwidth AA^ is essentially the doppler, pressure broadened natural line 
width. With a real grating the observed bandwidth AA is greater than the 
natural bandwidth because the finite number of diffraction lines produces im- 
perfect interference hence wings in the diffraction pattern. Jarrell-Ash 
gratings (used in this program) have wings which are 4.5 orders of magnitude 
or more down from the peak laser light intensity when AA _> 0.5 nm. Randomly 
scattered laser light noise from the components of the filter spectrometer is 
eliminated by means of the laser line filter (Figure 1). 

The direct beam laser light exits the filter section through the LLFM 
slit into a black compartment. Only a small fraction of this backscattered 
light reenters the filter compartment. This small fraction appears to come 
from a real slit source at the proper position for the grating to refocus it 
at the intermediate slit. The only additional source of laser light is from 
the laser line diffraction wings reflected back from the LLFM. Theoretically 
this wing light intensity at the intermediate slit (F) should be down by seven 

-7 

orders of magnitude 10 from the light intensity incident on the entrance 
slit. 
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The LLFM was originally built for vibration Raman line measurements and 
thus covered a 3600 cm * band spread. However, for rotational Stokes and anti- 
Stokes measurements only 300 cm on either side of the Rayleigh line is re- 
quired. Additional noise reduction is possible therefore by limiting the filter 
mirror spectral bandwidth to ± 300 cm*" 1 , thereby reducing the back reflected 
laser line wing light by a factor of six. 

The LLFM produces minimum aberration, hence best resolution, when close to 
the minimum distance between the virtual entrance slit and the exit slit of the 
Czerny- Turner mounting. To maintain best resolution and obtain the anti-Stokes 
rotational Raman spectrum the mirror slot was moved 300 cra~^ towards longer 
wavelengths , Figure 1. To minimize noise, the Stokes Raman side was also 
limited to 300 cm ^ bandwidth as explained above. The laser line filter as- 
sembly is shown in Figure 4. 

A capability is required for PMT scanning of the polychromator spectral 
plane since PMT, rather than photographic, detection is needed to simulate lidar 
temperature measurements. The photomultiplier tube used was the Hamamatsu R212. 
The preferred low noise end window PUT was too large to use without a major 
redesign and fabrication effort. Instead, the standard side window PMT housing 
mounted on a precision Gaertner micrometer transport assembly was used. This 
was sufficiently compact to be enclosed in the standard Jarrell-Ash poly— 
chromater housing. The micrometer screw was coupled to a variable speed 
reversible gear drive train through a light tight bushing. The completed scan- 
ning system is shown in Figure 5. 


Experimental Procedures and iIeasurements 

Laser Line Filter Mirror (LLFM) Fabrication 

A six segment mirror (Figures 1 and 4) was designed to duplicate the angles 
and orientation of segments #2 through #7 of the existing MDAC laser line filter 
mirror. Tills limited the spectral bandwidth to 300 cm -1 on either side of the 
LFM slit. The modified MDAC mirror was then mounted in a specially constructed 
assembly and test jig, and the mirror angles measured using a HeNe laser for a 
light source with a ten meter optical lever. The spot positions were marked 
on graph paper attached to a wall at one end of the ten meter optical lever. 
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FIGURE 4. LASER LINE FILTER MIRROR (LLFM) ASSEMBLY 



FIGURE 5. MICROMETER DRIVE ASSEMBLY FOR POLYCHROMATOR PLANE 
PMT/SLIT SCANNING 
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The MDAC mirror was then removed and glass plates stepwise inserted into the 
same assembly and test jig to form two triads. Each plate was adjusted until 
the laser spot was superimposed on the recorded spot from the corresponding 
plate of the HDAC mirror. After alignment of each mirror triad, the triad 
plates were bonded witli water glass and epoxy and the alignment rechecked to 
ensure that no distortions had been introduced during resin curing. A mount 
for the modified laser filter mirror (triad pair with variable slit width 
between) was then designed and fabricated. Prior to mounting the cemented 
triads, the polished mirror faces were vacuum coated with aluminum. Finally, 
scat tered— light baffles were mounted between the laser filter mirror and the 
spectrograph face plate to minimize laser light (transmitted through the LLFM 
aperture) reentering the filter section of the spectrograph. 

Modified Entrance Aperture Mirror Assembly 

During tests for stray light decoupling between the two spectrograph 
compartments (Figure 2) we found that illumination of the grating I by light 
from the entrance slit L which missed the top of the first mirror K caused 
excessive scattered light to pass the intermediate slit F. Attempts to realign 
the spectrograph further convinced us that time could be saved by replacing the 
entrance mirror assembly K with one designed for easier access to adjusting and 
aligning screws. Therefore a new mirror assembly was designed and fabricated. 

Polychromator Plane Scanning Slit and Photomultiplier Assembly 

This mechanism (Figure 5) mounts at the exit aperture of the Jarrell-Ash 
spectrometer and comprises a motor— driven linear motion device to which is 
attached a photomultiplier and slit. It was designed around an existing Gaertner 
scanning microscope mount and tiie Jarrell-Ash polychromator housing. The re- 
quired mounts were fabricated out of aluminum, optically blackened, and a photo- 
multiplier housing attached to the scanning microscope linear motion mechanism. 
The device was then mounted in the housing in such a manner that the existing 
polychromator exit slit could be coupled to the photomultiplier housing and 
both could scan across the Jarrell-Ash exit aperture, A variable speed revers- 
ible electric motor drive train was attached to the linear motion screw by means 
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of a shaft through the housing cover. Finally, limit switches and a revolu- 
tion counter (for slit position) vere installed. 

Grating and PMT Scanning 

Each point N on the polychroraator image plane N (Figures 1, 2 and 6) has a 
corresponding spectral point S ± in the LLFM plane S. If the grating dial set- 
ting is A when the laser line initially exits the LLFM slit S , then every 

J L 

other point on the LLFM and polychromator image plane has a corresponding 
wavelength A^ ± AA, which depends only on the grating dispersion (1.1 nm (mm)" 1 

in this work) . When the grating is fixed at dial setting A (Figure 6A) the 

L 

transmitted spectrum (less the laser line exiting the LLFM slit) may be scanned 
by driving the PMT detector across the polychromator focal plane N. If on the 
other hand, the mirror M is rotated or translated all points in the LLFM plane 
are translated and rotated in the polychromator exit plane. Alternatively, 
translation of the LLFM aperture in the LLFM plane causes a corresponding 
translation of its image in the image plane N and a relative change in the PMT 
position reading. Finally, translating the laser line into the new slit position 
translates all wavelengths a corresponding amount in the LLFM plane and the 
polychromator plane. 

The main characteristics of the grating scan are shown in Figures 6A 
,and 6B in which corresponding Figure 2 component part designations X used for 

the LLF section are placed in parenthesis (X) and those for the upper poly- 

chromator section are given without parenthesis X. 

Figure 6A shows the paths of three spectral rays, a Stokes line (A ,), 
an anti— Stokes line (A ) and the laser line (A ) where the laser line is 
.exiting the LLFM slit and the PMT detector P is set to measure the Stokes line 
A s , . The grating setting for this case is called C(X L ;X g( ). By rotating the 
grating toward shorter wavelengths through an angle corresponding to (A — A , ) , 
the configuration shown in Figure 6B is obtained, where the grating setting is 

C ^ X as’ X L*’ In thls case the anti-S tokes line A ag exits the LLFM aperture and 
the laser line falls on the detector. 

As the grating rotates the spectrum translates along both the LLFM and 
the polychromator image planes. The maximum PMT signal for the laser light 
occurs when the grating dial wavelength reading corresponds to the wavelength 
of light seen by the PMT when the laser wavelength is exiting the LLFM aperture. 
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An example is shown in Figure 7. The laser line starts at the spectral posi- 
tion corresponding to the wavelength 619 nm where the PMT signal is found to 

-9 

be 1.8 x 10 amps. As the wavelength drive rotates, the laser line moves 
closer to the PMT tube and the signal increases slowly to 3.5 x 10~® amps. 

If the LLFM aperture were not present the PMT signal would continue to increase 
along the dotted line. However, as the line enters the LLFM aperture (slit), 
the laser line is removed from the system instead of being reflected and the 
intensity decreases to a value equal to or less than the PMT noise background. 
The signal stays at background until the laser line starts reflecting from the 
other edge of the LLFM aperture. It then continues to rise and reaches a 
maximum when the central laser line rays enter the PMT aperture. The signal 
then decreases as shown until it passes the other end of the mirror. 

Rejection Efficiency 

The laser line rejection efficiency p (L) is defined as 


P(L) 


IU l ;A) 


where I (A^ ; A) is the laser light intensity at A L when the system is set to measure 
light intensity at the wavelength A, and I(Aj ;A L > is the laser light intensity at 
A l when the system is set to measure light intensity at the laser wavelength A . 
Its reciprocal t(L) is denoted as the attenuation ratio or the transmission 
efficiency . If I(AjA) is the signal intensity at wavelength A when the system 
is set to measure the signal at wavelength A, then the signal to laser line noise 
is 


S _ I (A ; A) p(L) I (A ; A) 

N I(A l ;A) KAlJAj) 

The rejection efficiency can be found by measuring both the laser line 
shape and then the peak laser line intensity when the filter is used. An 
example using a wavelength scan is shown in Figure 7. It was made by setting 
the PMT slit (500 pm wide) at the polychromator image plane position corres- 
ponding to one edge of the LLFM aperture and then rotating the grating. The 
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FIGURE 7, Grating Scan with HeNe Laser 632*8 nm Entrance, 

Intermediate and Exit Slits Were Each 500 ym Wide. 
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laser beam was focused on a compacted powdered Lambertian BaSO^ target and 
the scattered light was imaged on the entrance slit with an FI. 2 lens. The 
entrance, intermediate and PMT slits were each 500 pm wide. Although the 
basic Jarrell-Ash spectrograph optics are F7, the modified system. Figure 1, 
makes use of only half the mirror and grating for rays going to the LLFM and 
the other halves for the rays reflected back to the intermediate slit. There- 
fore a theoretical gain in intensity by a factor of two is possible. 

Experimental Results a nd Discussion of Results 

Rejection Efficiency with HeNe Laser 

The modified laser filter system was found to meet the design specifica- 
tion goal namely: an attenuation of the laser line frequency greater than 10 ^ 

within 20 cm ^ on either side of the laser line frequency. These measurements 
are summarized in Figure 8, again for HeNe, wherein the logarithm of the PMT 
current (left ordinate scale) is plotted as a function of the detector position 
X (upper abscissa scale) scanning the spectrograph image plane for six different 
settings of the grating counter (lower abscissa scale). The complete spectrum 
is shown for the grating counter reading CR6320. Here the laser line falls on 
the LLFM surface and the spectrum which is measured by the PMT scan is the 
reference signal, equivalent to a Raman line centered at 34.2 mm. Far from the 

O 

line center at 31.3 mm (AA = 30A) the transmitted intensity of the wings of the 

_5 

laser line is down 10 from the intensity at the line center. At a displace- 
ment of 20 cm ^ from the laser line the intensity is 10 

Similar spectral plane PMT scans were made at the grating settings CR6320, 

" CR6324, CR6326, CR6328, CR6348, and CR6350. These are shown as the points A 

in Figure 8. The connecting line is the maximum signal intensity which would 

be observed at any setting CRxxxx. Five additional partial spectra are shown, 

limited to about .25 nm from the midpoint of the laser line. PMT noise current 

-10 

was measured to be about 10 amps and it is shown as a baseline in the LLFM 
slot. 

When the grating counter reading is increased from CR6324 to CR6330, the 
laser line enters the LLFM slit and a dramatic decrease is observed in the 
maximum transmitted intensity. A proportional decrease is observed in the 
wings. There is an indication that the wing transmission ratio is asymmetrical, 
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SIGNAL CURRENT - [LOG I(PMT) - AMPS] 


mm 




31.0 Xo 32.0 33.0 34.0 



CR6350 CR6340 CR6330 CR6320 

GRATING COUNTER READING 


FIGURE 8. Photomultiplier Tube Spectral Plane Scans of the HeNe 632.8 nm Laser for Six 
Gratinq Counter-Readings. The Laser Line is Near to or Exiting the LLFM Slit. 


TRANSMISSION RATIO [LOG I{PMT) - LOG I m . y (PMT)] 



—5 

namely, the side on the LLFM slot falls to a lower value than the 10 value 
observed for reflection off the front mirror surface at positions 31.3 >X >33.8, 

't ' 

This coulc} be caused by multiple scattering of laser light through the front 

i . 

surface of the LLFM aluminum coating. 

Since the minimum detectable signal is 10”^^ amps, and no signal is ob- 

! 

served when the laser line is exiting the LLFM slot (31.9 < X < 33.1), the maxi- 

-10 

mum possible laser line signal is 10 amps. Since the wings of the laser line 

also have the same shape when measurable on the downslopes of the envelope 

curve, the maximum possible wing signal follows the characteristic shape of 

grating diffraction pattern, shown as the dashed curve centered at CR6332, 

In Figure 8, the smallest separation of A^ and A occurs when the laser 

line is centered at 33.2 and the Raman line is at 33.8 (A A = 0,66 nm) . That 

is, when the laser line is in the LLFM slit at grating setting CR6346 and the 

PMT slit is positioned at 33.8 equivalent to CR6350. The PMT signal is the 

sum of the Raman line at 633.4 nm and residual laser line signal 6A from the 

laser line at 632.8 nm. Consequently, from Figure 8, the attenuation ratio is 

found to be 10 * and the rejection efficiency p(L) = 1.75 x 10^. This is 

a factor of 17.5 better than the design specification goal. 

With the 500 pm PMT slit width used the spectral resolution was 0.6 nm 

which is equal to the observed AA at CR6330, the minimum separation between 

min 

the center of the laser line and the Raman line with the rejection ratio 
11.25 

p(L) £ 10 ' . If the spectral resolution of the system is less than 0.6 nm, 

then the minimum separation between the rotational Raman lines and the laser 
line can be decreased by narrowing down both the intermediate and exit aper- 
tures to match the LLFS system resolution. 

Measurements With Argon Ion Laser 

A second series of tests was performed using an Argon ion laser with a 
power increase of 100 over the HeNe laser. Figure 9 shows a series of poly- 
chromator plane PMT detector scans at different settings of the grating using 
the green 514.5 nm line. The laser beam power was approximately 500 mW, the 
entrance, Intermediate and PMT slits were all 500 pm wide, and the LLFM slit 
was 1.5 mm. Complex line shapes are produced when the laser beam partly 
enters the slot and is scattered off the edge, CR5130. 
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As the laser line enters the LLFM slit, the peak intensity (514.5 nm) 

decreases to a minimum of 2 x 10 amp. The light backscattered from the slit 

(CR5144) is a factor of 2 over the tube background noise. Using the high 

powered Ar + laser the PMT anode voltage must be decreased to prevent tube 

saturation effects. This lower voltage explains the decreased noise level in 

these measurements compared with the HeNe values. Figure 7. No attempt was 

made to limit this backscattered signal by decreasing the slot width or using 

matte black, light absorbing paint. The peak input signal was measured to be 

2.65 x 10 amps with neutral density filters (nd=3 used at the input to pre- 

vent saturating the PMT). The peak laser input signal is therefore 2.65 x 10 

-10 

amps and the total attenuation of the laser line is 8 x 10 # This is two 

orders of magnitude better than expected. Since the wings of this LLFM aper- 

-4 ° 

ture are a factor of 10 down from the filter peak at 6A away, the net attenua- 

“13 

tion of the laser line at the nearest Raman line could be as low as 10 ♦ 

Again this assumes that the observed PMT noise is the limiting noise current. 

LLFS System Throughput 

Measurement of the LLFS system transmission efficiency was made using the 

monochromatic 514.5 nm laser line. When all the data were taken by PMT scanning 

of the spectral plane, analysis showed that the exit plane slit did not remain 

fixed. A small unpredictable slit rotation was found with respect to the 

intermediate slit which always led to low, nonreproducible system throughput 

values. (This problem didn’t effect the rejection efficiency measurements except 

to show they are worst case minimum values and could be improved.) In place of 

these, grating scan measurements were made using a fixed slit optically aligned 

with the intermediate slit. The slit was placed well away from the LLFM slit 

so that no slit edge effect could lower the throughput energy especially of 

the rotational Raman line nearest the LLFM slit. 

0 

The light source was the 5145A laser line scattered off a standard BaSO^ 
diffuse reflector. The input signal was measured using the same photo- 
multiplier tube held in a PMT tube housing at the same distance from another 
aperture/shutter which duplicated the LLFM entrance slit geometry. We found 
that the slit micrometer calibrations were not accurate and variations were 
found in the energy density (the ratio of the measured energy divided by the 
slit width). 
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The experimental results are summarized in Table 1. The data for the 80 ym 
and 200 yra are the most reliable. (Sufficient time was not left to calibrate 
the LLFS entrance and intermediate sl,its accurately in time for this report.) 

In Table 1, LLFS calibration data are given above the entrance slit calibra- 
tion data. The measured PMT current is given in the last line as a function of 
the slit width shown at the top of the table. LLFS slit widths are tabulated 
in the first three columns. The peak current in y amps are given in the fourth 
column. The percentage transmission is calculated using the LLFS signal given 
by row and calibration signal at the bottom of the appropriate column. Finally, 
spectral peak half widths are given in the last column. 

The average value of the 80 ym and 200 ym data is 8.8%. This number should 
be multiplied by a factor of 2 since half the energy is lost by masking (only 
half the grating is used) and the transmission is found to be about 18%. This 
value is in good agreement with the calculated system efficiency: 96% re- 

flection efficiency from each of 11 mirror surfaces and 65% grating efficiency 
from each of 3 grating reflections to give an 18% total throughput. This 
compares favprably to dielectric filter transmissions which range from 10% to 
40% when the stop band transmission is below .01%. The factor of 2 in signal 
for the better dielectric filters is compensated in the LLFS system by the 
increased energy gained from using the additional rotation transitions close 
to the laser line. 

The experimental results reported in this section show that the LLFS system 
is significantly better than expected. Since a laser line attenuation of 10 -12 
is found, remote atmospheric temperature measurement is possible even in highly 
turbid conditions until signal attenuation due to Mie scattering itself limits 
the backscattered signal. Additional gain in signal can be obtained by AR 
coating all optical components. The expected reflectivity is then 99% and the 
11 mirror surfaces would have a transmission of 89.5%, or a gain of 40% over 
uncoated optics. As shown in Appendix A, this improvement in signal bandwidth 
and spectral resolution implies an ability to measure air temperatures to better 
than ±1°C, an improvement of 4 over Salzman and Coney's dielectric filter 
measurements (References 1 and 2). 
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TABLE 1 


LASER LINE FILTER SYSTEM 
LIGHT TRANSMISSION EFFICIENCY 


SLIT WIDTH 
SETTINGS pm 

ENTR. I NT. EXIT 

PEAK 

CURRENT 

y AMPS 

500 

% TRANSMISSION 
SMALLEST SLIT 
200 80 

20 

PEAK 

HALF 

WIDTH 

500 

500 

500 

0.53 

5.9% 




6.3A 

500 

200 

500 

0.27 


8.2% 



5.1A 

500 

80 

500 

0.123 



9.0% 


5.0A 

500 

20 

500 

0.020 




12.6% 

6.0A 

500 

500 

200 

0.28 


8.5% 



4.8A 

500 

200 

200 

0.26 


8.7% 



2.3A 

500 

80 

200 

0.13 



9.6% 


2.2A 

500 

20 

200 

0.022 




13.8% 

1.8A 

ENTRANCE SLIT 
CALIBRATION CURRENT y 

AMPS 

9.9 

3.4 

1.28 

.16 
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Conclusions 


The objectives of tills program were to determine the ability of a modified 

LLFS system to reject laser line intensities so that multiline Raman spectra 

can be time resolved in parallel, to measure the total system throughput, and 

to determine whether the LLFS system coupled with suitable input and output 

optics can improve air temperature measurement accuracy* A modified laser 

LLFM to transmit both Stokes and anti-Stokes rotational Raman lines and a 

polychroraator plane PMT scanning assembly were designed and fabricated. 

Measurements were made to determine the system characteristics. All design 

objectives were met. The results were (1) the relative laser line rejection at 

the peak of the first rotational Raman line (AA = 20 cm *) was 10^, (2) if 

internally scattered laser light is not the limiting noise current, then the 

12 13 

rejection ratio is probably near 10 and could be increased to 10 , (3) light 

throughput was measured to be 9%, (4) the throughput could be increased by a 
factor of 2 with modified input optics and by another factor of 1*4 using AR 
coated optics, (5) these throughput values are comparable to or better than 
multilayer dielectric filter throughput values, and (6) atmospheric temperature 
measurements could be inade to better than ±1 Q C* 
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Appendix A 

Recommended LeRC System Modifications 


Remote temperature measurement of gases using rotational Raman spectroscopy 
lias been considered by a number of investigators. Salzman and Coney (References 
1 and 2) found that only the anti-Stokes spectrum can be used to measure temper- 
ature unless stray laser radiation and luminescence background (aerosol) in the 
Stokes spectrum is independently measured and subtracted. They also pointed 
out that by taking ratios of rotational spectrum line pairs (line intensities 
measured simultaneously) high temporal resolution (range resolved profiling) is 
attained, the frequency bandwidth becomes small minimizing (making negligible) 
atmospheric transmission path differences, and finally that sensitivity can be 
gained by using sums of selected line combinations. 

Formally, the Stokes and anti— Stokes line intensities for rotational level 

J are 


Vs) 


r (J + 1) (J + 2) 

(2J + 3) 


0 

Y ex P 


J (J + i) f 


or 


Ij (as) = C 


J(J - 1) 0 
(2J - 1) T exp 


- J (J + 1) f 


(A-l) 


Vs) = C S J (s) f exp [- Rj f ] 

(A- 2) 


V as) = c s / as) f e *p [- R j f 


Tliircc temperatures can be defined for line pairs where J and K are cjuantum 
number^ for two different rotdtionsl transitxons* Xn each C 3 .se 9 the objective 
is to eliminate the preexponential CO/T so that the exponential dependence is 
the only one left • These three temperatures are 
a. Stokes Temperature 
For a line pair intensity ratio 


21 



1 In [I J (s)/l K (s)] - In [S J (s)/S K (s)] 

T (r k - R j> 9 

and for a line pair difference and sum 

1 In [(I - AI)/(I + AI) ] - In [Sj (s) /S K (s) ] 

T <E K - V 0 

where 


(A-3) 


(A-4) 


1 =I K +I J 

AI " - b 


The above equations are identical for a given line pair. For multi- 
line operation, sums and differences of intensities are the natural 
observables and for this case liquations (A-3) and (A-4) are not equivalent, 
b. Anti-Stokes Temperatures 

The equations corresponding to (A-3) and (A-4) above are 


j In [ I j (as ) / 1^, (as ) ] - In [S^ (as) /S^Cas) ] 

T <\ - V 9 


and 


(A-5) 


In [(I - AI) / (I + AI)] - In [Sj(as) /S K (as) ] 

<r k - r j> 9 


(A-6) 


c. Combination Stokes and Anti-Stokes Temperature 
The ratios of individual Stokes and anti-Stokes lines for constant J are 
constant, independent of temperature. 


Ij (s) — 1^ (as) Sj(s) — Sj(as) 

Ij(s) + Ij(as) Sj(s) + S j^ as ) 


(A- 7) 


However, if the sums and differences are taken of the complete Stokes and 
anti-Stokes bands, the preexponential C0/T drops out and the temperature 
dependence appears in the infinite series of sums and difference terms. 
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(A- 8 ) 


I(s) - I (as) = 
I(s) + I (as) 


2 J ” S^Cas)] exp (-Rj 0/T] 

2” [S^s) + S j(as)] exp [-Rj 0/T] 


or explicitly 


AI(») 

il(-) 



1 ) GXp (_ J(J + 1 ) 0/T ) 

2 ,r + 2 j - 3 v ■ 

4J 3 + 6 J 2 - 2J-2 \ / 

5 I exp -J(J + 1) 0/T ) 

4j + 4J-3 V ' 


This intensity ratio, which can be approximated by 


(A- 9) 


aK*) exp f~ J ^ J + ^ 0 / T J 

nt) = ~2 

E J 1 Iwo exp t_J(J + 1} 0/T] 


(A-10) 


is a universal function of 0/T. When 0 is known a temperature T is 
uniquely determined by Al(*)/Tl(*). This is not true for Stokes and anti- 
Stokes temperatures when band segmentation and summation is used to 
improve the experimental accuracy. Some knowledge of the measurement 
system must be used to determine the empirical correction factor related 
to imperfect band segmentation. 

If the Stokes measurement is possible the best temperature resolution 
is probably obtained by using both the Stokes and anti-Stokes band intensi- 
ties. To some extent this advantage may be offset by the loss of an analytic 
explicit functional relationship between the temperature and the intensities. 
Equations (A-4) and (A- 6 ). Nevertheless, numerical solutions are available, 
and experimentally measured temperatures and errors can be used to 
verify the theoretical computation of integrated intensities over all J 
values ( prescription: use generalized equations (A-4), (A- 6 ), and (A- 8 ) j . 

The MDAC system has been shown to provide both adequate laser line 
rejection (a factor greater than lCr -1 ) to eliminate instrumental and aerosol 
scattering noise signals, and adequate spectral resolution to measure and 
subtract aerosol fluorescence background noise. In addition, both the 
spectral and background bands can be divided i ns t rumen tally to give the 
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desired sum and difference signals in forms directly usable for analog 
or digital computation of the measured temperature. 

Salzman and Coney have reported experimental verification that tempera- 
tures can be measured to within ±3°K using the ratios of two anti-Stokes 
band measurements. Both of the bands are selected by narrow band dielectric 
filters, one centered at the rotation band maximum (Av = 50 cm \ a point 
where the temperature coefficient is approximately zero over the temperature 
range -25°C to +15°C) and the second 2,6 nm wide containing some 12 
rotational lines of 0 0 and N ? . Since it is beyond the state of the art 
today to manufacture dielectric interference filters which will eliminate 
the laser line at center wavelengths closer than 40 cm \ the first portion 
of the rotation bands (namely J = 1 to J — 8) cannot be used. Unfortunately, 
this portion contains about. half of the total AT information. Their wide 
band filter (2.6 nm) collects 33% of the energy and the narrow band filter 
about 14%. If all the energy could be used the AT would be improved by ji 
factor greater than 3,4 . This conservative estimate includes the -Jl factor 
from the sum of both the Stokes and anti-Stokes bands. 

A remote sensing system with improved signal to noise characteristics 
provides increased temperature accuracy, extended range at the same accuracy, 
or some combination of both. Since the MDAC Laser Line Filter System can be 
identified as a combination of a spectrograph and a laser line filter, a 
number of new options are available where the laser line filter section 
alone is used in combination with different band selective filters. Di- 
electric filters such as those used by Salzman and Coney can be used. 

The narrow band filter is widened to be as close to the laser line 

-1 -3 

(20 cm ) as possible. The dielectric filter attenuation (10 ) and 

the LLF section attenuation (10 7 ) satisfy the design goal of 10 10 
total laser light attenuation with adequate separation between extended 
Raman bands. Two additional dielectric filter channels can be added easily 
to measure the Stokes bands since the laser line itself is taken out and 
can be measured at the LLFM assembly. However, to do this a slightly 
different LLFM must be developed and fabricated. It has to reject the 
laser line over the entire aperture, and transmit only the background 
signal over half the aperture. Then the measured fluorescent background 
can be subtracted from the Stokes band signals, which can now be used to 
calculate the Stokes temperature. Although it is conceptually easy to 
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design and fabricate this modified LLFM assembly, it requires interfacing 
a number of fabrication technologies which would make fabrication an 
independent but parallel development program. 

Another choice is the combination of dielectric and Fabry-Perot 
filters. The Fabry-Perot, when set for transmitting only the rotation band 
lines, rejects the laser line. Therefore, for a pure gas the Stokes temper- 
ature could be measured using two etalons and two dielectric filters . The 
first etalon rejects the laser line and the first dielectric filter rejects 
the anti-Stokes band. The second etalon transmits the rotation lines and 
reflects the fluorescence signal which is measured. The transmitted 
rotation lines are separated by a second dichroic dielectric filter into 
both the longer wavelength and shorter wavelength Stokes lines. The signals 
can be combined electrically during measurement or by computer if the three 
detector signals are recorded in parallel. Alternatively the LLF and one 
etalon can be used with three detectors. 

Although there is a potential cost saving in using dielectric filters 
when measuring only the anti-Stokes band, combinations of filters for Stokes 
band measurements using Fabry-Perot filters can be equally as complex as a 
grating spectrograph output filter in the LLFS . An output aperture (A, 

Figure 2) should be included in the LLFS for viewing the filter section out- 
put directly. Then other filter configurations and combinations can be tested. 
This would be important for testing those applications in which weight and 
volume play important factors. 

The recommended rotational Raman remote temperature measuring system 
should be designed as follows : 

a. Use existing input optics and photodetector equipment where 
possible. 

b. Change the present configuration as follows (See Figure 2): 
direct the input beam through a new slit to impinge directly on the 
collimating mirror along a path parallel to GJ and have the LLF out- 
put selectably pass through either the present intermediate slit using 
diagonal mirror G or output through the presently used input slit L 

by retractable mirror K. This creates a set of one input and two 
exit beam paths which are mutually perpendicular. The LLF output can 
be used for interference filter measurements by mating the system 
with the existing LeRC anti-Stokes dielectric filter system. 


25 



c. Use separate mirrors for the input collimating mirror and 
the output focusing mirror. 

d. Build a new housing so that there is easy access to all 
optical components. 

e. Use a grating drive system if more than one laser line is 

to be selected, or a simple coarse and fine setting system for single 
laser frequency operation. 
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Appendix B 


c 

C 


C(X L’ X as> 


C (A st ;X L ) 


I 

AI 

AI (• ) 
2I(-) 

I (A ; A) 
I(A i ;A) 

I (X L ; A) 

I(as) 

I(s) 

Ij(as) 

IjCs) 

J 

K 

R 


Symbols 

_ O _ -i 

Velocity of light, 3 x 10 m sec 

Constant in equation for Raman scattering intensities. 

Wavelength drive counter reading for the laser line exiting 
the LLFM slit when PMT measuring an anti-Stokes line intensity. 

Wavelength drive counter reading for the anti-Stokes line 
exiting the LLFM slit when PMT measuring the laser line 
intensity. 

= 1^ + Ijj amps. 

« I K - I Jf amps. 

■ I(s) - I(as), amps. 

= I(s) + I (as), amps. 

Signal intensity measured at wavelength A, amps. 

Measured light intensity of wavelength A . ,when filter is set 
to measure wavelength A* amps. 

Laser light noise signal when measuring signal at wavelength 
A , amp s . 

Laser light intensity measured at wavelength A T , amps. 

Complete anti-Stokes rotational Raman band intensity, amps. 

Complete Stokes rotational Raman band intensity, amps. 

Anti-Stokes Raman line intensity for rotational energy level J f amps. 
Stokes Raman line intensity for rotational energy level J, amps. 
Rotational state quantum number. 

Rotational state quantum number. 

= J(J+1) . 
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Sj(as) 


S j( S ) 


Signal to noise ratio. 

- J(J-1/(2J-1). 

- ( J+l) ( J+2) / (2 J+3) . 

Temperature, ®K. 

Temperature change, # K. 

Rotational characteristic temperature, °K. 

Wavelength, nm. 

Anti-Stokes Raman wavelength, nm. 

Laser wavelength, nm. 

Stokes Raman wavelength, nm. 

Laser line rejection efficiency. 

Laser line attenuation ratio or transmission efficiency. 
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